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Abstract

1 qutare missions to Mars for the 1 99& Jaunch opportunity and beyond will require
advanced thermal control for clecironics to niinimize enclosure mass, power and volume.
An additional requirement is that1adioa. tive heating units (RTIU) will not be available for
future Mars missions. These stiicticiguicinents can be accomplished by integrating phase
change. material (PCM) panels with actopelinsulationina structut al/ thermal enclosure for
clectronics and instruments. The acrogelinsoda [ion has extremely low thermal conductivity,
and the PCM panels provide thermalCapacitarlce. The advanced 1°CM panels consist of a
sandwich panel design with ani nterioching carbon fiber core which isfilled with a suitable
phase change materia. The fibers provide stuctural stiffiiess, andprevent the PCM from
forming voids or migration of voids by capillary action, With this design, a PCM mass
fraction of 70% has been achieved. Includedin this design is a diode heat pipe to recover
thermal energy from radiators o otherheatsources. 1“his concepthas been validated as a
Warm Electronic Enclosure (W1 nsinulated Mats environmental conditions, The WEE
used dodecane as the phase change matenial (solid/hquid transition at -10 “C). ‘I’'he WEE
consisted of a thermal insulation enclosute witlisix I'(CM pancls onthe interior. One of the
1'CM panel had an integrated diode heatpipc The Mars 81on vacuum: environment, and
the diurna temperature variationfiomOto »0 ‘C weie simulated. The WEI was able to
maintain interior temperatures witliin /- 20 °C for a sitoulated § watt peak el ectronics
power, and from (° to-30°C for a sinule ted 6.4 watt peak clectonics power during
sunlight opcrations.

introduction

The Martian environment movides s very wide vanation in @inbient temperature
from day to night, Ground tempei atue s cancach as }'igh as -20°C during (he day and go
down to 160 K at night depending onlatrode and tim( of year (I). Most electronics
developed for Earth application require Operating temperatares in the range -40 to 40 °C,
and have limits for survival inexticme temperatures. While. it is hoped that some day,
special electronics will be developed wliich e SUTVIVE Jow tempetatures and possibly even
operate at low temperatures, the cont inuing Pressue o dijve costs down onspace missions
usually implics that low-cost stndard clectroies developed fern.m]~ WMpEratare gnepation
will be employed on future Mars1 anders.  In addition, other components, particularly
batteries losc performance asthetemperatiie i8S lowered below -20°C, and  eventually
become. non- operable at very low tcinperatnes. Therefore, protecting elect ronics, batteries
and other components from thiclow t(emperatare night cnvironment isa critical need of
Mars missions. For the Viking ) .nders, Wilberi, er.al.conducicd evaluated foam
insulations, fibrous, powders andimultlayer insulation (ML) forthermal control(2). The
result of that study was the prirmar v use of severalinehes of foaminsulation and some Ml
on the Viking landers. Other stud ics of thiermal control for Mars in that time period
assumed a foam insulation of 3 to 4inches thick for potental Mars missions (3,4), as well
as considering phase change materisls, he at pipes, lovvers and othier thermal - control




hardware. in those studies they did notheve severe constraints on mass, volume or
power. Future programs propose sinal 1 ¢1, miore mass, powerand volume limited landers.

NASA currently has plans to liwnck 1 nissions to place alander or other scientific
instruments such as surface penctiators onMarsin 1996, 1998, 2001 and 2003 and 2005.
Future Mars l.anders will draw theitpower from photovoltaic cells and have batteries for
reserve power. As a result, significant power willonly be available. during sunlit hours,
which will vary depending on landing latitud . and time of year. While batteries can be used
to provide minimal power over mght the power they cansupply is limited, and
furthermore, they must be protected fromvery low tempt] atures at night. It is exactly
when temperatures are lowest that the least power is available for heaters to maintain the
warmth of key components.

In order to cope with this probleny, the Mars Pathfinder mission to be launched in
December of 1996 will house electinnesarid batterics within enclosures which are very
effectively insulated. The Mars Rover onthat mission will include  Radioisotope Heating
Units (RHU’s) which provide 2.8 Watts of continuous heating. RHU’s produce a
considerable amount of heat forthcitweight({- 1 W pcrSQO g). Because mass and volume is
limited for rovers, the Mars Rover willuse aerogel as insulationina structure caled the
Warm Electronic Box (WEB) (5,6). 1 fowever, RBUs are no longer being produced and
arc not expected to be used for any tuture U. S missions.  This paper will discuss an
approach for maintaining thermal controlof clectronics for limited power missions without
REIU’s. The primary application are Jandcr based science plat for ms and  independent
stationary scientific instruments such as penets ators o1 proposed in-situ resource utilization
(ISRU) chemical generation plants

Without RHU’s to provide heatovernight, such warm electronics enclosures
(WEE) on lander based science platforiiis vili go through very wide temperature swings
during the diurnal cycle. Therefore, post-1 998 Mars landers face a potential crisis in
thermal control. Based on recentimodeting conducted at JPL, it is belicved that one way to
provide. thermal control in the absence of REILL'sisto employ adesignapproach in which a
thermal capacitor is used. The theriial capacitor is charged by heat collected during the
day when the sun shines, and the thermal capacitor is discharged by releasing heat at night
to significantly reduce the diurnal t¢inperatut e vanation in an electi onics/battery enclosure.
There is a ready source of heatduring the day because the photovoltaic arrays - associated
with the lander operate above 10011 1 tempicrature , and the structure forthese solar arrays
may be regarded as additional heat souices{orour needs durning theday.  Thermal energy
can be stored efficiently as latent hcatof fusim inaphase-change naterial (PCM) which
undergoes repeated cycles of mclting and solidification when heated and cooled to
temperatures above and below the 1mzienalinelting temper at ure. Ieodecane (a paraffin
wax), with its melting point of about, 1 () ‘C and good crystallization tendencies, is a
possible candidate for our application. Dade.ine has alatent heat of fusion of 263.5 KJ/g.
Heat can be transported from the solurariaysto the I’'M within the enclosure by means of
a miniature heat pipe filled with an orgame working fluid such as butane.

Even though PCM isaver y appesling approach to serve as t hic thermal capacitor on
paper, the application of PCM forhcurstora ¢ has been problematic for several reasons.
Chic is (hat it is necessary to supply andtcmove heatfiom all parts of the P CM, and this in
turn requires good conduction heat tansfer v ithin the bulk of the PCM. Secondly, there is
always a significant change in volurne whenio material melts orsohidifies, and if the voids
left by a previous solidification arc not{airly uniformly distributed, large stresses can build
up locally upon subsequent melting if no vouds are available to a1egion of PCM to alow
volume change. Thirdly, manynuteiialstond to supercool below their melting  points
without crystallization, unless nuclcationsitesare present as crystallization starting points.




Energy Science Laboratorics, Inc.(1:81,1), has developed a unique solution in
designing the structures for PCM pancls which overcomes these. three problems associated
with using PCM as athermal capacitor  Itinyvolves anetwork of high theimal conductivity
carbon fibers which occupy perhaps $%of avolume. PCMIiS poured in to this matrix,
which holds the PCM with capillary forces  Heattransfer throughout tile.PCM region is
rapid due to the network of carbon fibeirs. Voids tend to collect atfiber tips and thusget
distributed fairly uniformly throughout the bulk of the PCM. Furthermore, the fibers aso
act as nucleation points for solidification, thus reducing supercooling. We have used this
material in our system for a highly c¢fficicut I'('M heatstorage.

Experimental.

A generic design approach hastxen developed and tested utilizing  phase change
materials (PCM) and a diode heat pipe (11HP) 10 achieve thermal control of warm electronic
enclosures that will maintain elecuunics. batienes, and instruments between -40 to 40 <C for
future Mars landers. A phase change materiil (e.g., Paraffin wax- Dodecane) was used as
the thermal capacitor working i corjun-tion with a diode heat pipe (Butanc as the working
fluid). This was experimentally tested to der1onst ate ther mal buffenng of a typical warm
electonic enclosure for temperatn ¢ variations fora mid- Jaitude Mars environment, The
advanced PCM panels consist of a sandwich panel design with aninterlocking carbon fiber
core which is filled with a suitable phuse change material.  The fibers provide structural
stiffness, and prevent the PCMfiomforming voids or migration of voids by capillary
action. For the panels used in this test, the PCM mass fraction was 54%. With this design,
aPCM mass fraction increase to 70% Las t ¢ n achieved,

A schematic of the WEE and thenmocouple locations are shown in Figure 1. Thisis
a prototype electronics enclosuj ¢ consists — of sik PCM panels, one of which has a diode
heat pipe. The PCM panels wei ¢ encloswedin aninsulative foam box. 1 t was tested without
any electronics inside. Instead, the enclosu ¢ was provided with aluminam plate masses
representative of mission electionics, and battenies, respectively. Variable power electric
heaters were used to simulate elcctionic power duty cycles were to mountad on these plates.
All temperature measurements were nide with thermocouples. Sixtear Type E (Chronel-
Constantan) 30-gauge thermocouples warcused. The total mass of the PCM panels in the
WEE was 950 grams, and a781 giamuslumiumblockwasincludedinside to simulate the
thermal mass of electronics. A resistive hester was. attached to the aluminum block. A
second reference box was also constiuct d. Itincluded 934 g1 ams of aluminum to
represent the. PCM thermal mass a: 1d 800 grams of aluminum to t cpresent the electronics
mass. It had a total of five thenmocouples, one on the interior heater block, and two on
internal surfaces, and two on exteinalsutiaces. A Minco filinheater is attached to the 800
gm auminum block. The Rohacellfoamboyhas a mass of 355 grams Both the WEE and
the reference boxe were cove.JL’d withal wininum foil to provide alow emissivity exterior
surfaces.

Testing conducted consisted of thernd cycling atambient aunospheric pressure with
variable power levels. Subsequent testing of tie WEL consisted Of a more exact diurnal cycle
reproducing the Mars 10 tortambicut pressine, thermal environment, and variable power
duty levels. The one atmosphcere tests cond i cted showed that the panel performance are
repeatable over a large number of therinal cycles.  Thistesting mcasured temperature
excursions to assess PCM heat transfes and other relevant physical prop erties such as the
melting /solidification temperature. ‘I is &) SO demonstrated fabrication and materials
compatibility of PCM panels. T'heicsuitsof this testing will not be presented here.



The simulated Mars environnientaltesting of the V'ill; and areferance enclosure was
conducted in a 0.9 m diameky x 18 m horizontal thermil- vacuum chamber. The diurnal
cycle was shortened from 24.6 hours ty 24 hours, with sunrise occurting at the 6 hr mark
of our test and sunset occurring at1&hipaint of our cycle. The conditions for a 24 hr
diurnal cycle matched the tempcratur € profik for the Mars Pathfinder landing site and had an
ambient pressure of § torr N,. The two enclosures were suspended in the center of the
chamber. The WEE was to the. rear of the chiumber, with the. heat pipe extending vertically
from the bottom. The reference box was placed in the fore.glound. The temperature profile
is shown in Figure 2. The Mars divrnal teniperatut € cycle was repeated for three days, at
which time the chamber was warimcdup and opened.

Power profiles were applicd to the he dters to simulate expected heat rgjection from
glectronics and internal heating. ‘I'hicse pnofiles arc similarto the heat from the MFEX
Rover (5), scaled down to matchthe dinnensions of the WEE.Two heating cycles were
used during this test. The firstbeing 8 Wattsinaxinum power forthe first day of the test.
For days 2 and 3, a maximum of 6.4 W:ttswas applied. The powersupplied to the WEE
was split with 62.5% of the. powetto the mternal aluminum mass, and 37.5 % of the
power to the diode heat pipc. }orthe reference enclosure, all heat was to the internal
aluminum mass. Power to the heaters wasinitiated at the 6 hrpoint of the diurnal cycle.
The power to the heaters was steppedupto full power in three one hour increments, with
full power applied for six houts. ‘1 his was followed by stepping downthe power in three
one hour increments, with power offatthe 18 hrpoint. Thetotal heater energy applied
during day 1 was 72 W-hours, wheieasfordays 2 and 3 the total heater energy was 57.6
W-hr. Figure 3 shows the. inter nal temperature profiles inside the WEE and Figure 4
compares the temperatures frotn the 1ef crenc ¢ box forthe. three day test

For the initial conditions of the test.the shroud was cooled 10 -80°C under 10 torr
vacuum, and held at these conditions 101 6hours. Forreference, al tmes will be referred
to the 24 hr shortened Mars Diurnaltine scile, with sunrise occuring at of 6:00 am, sunset
occurring at 6:00 p.m., and midnightoccuning at the 24:00 point. ‘1 'he ambient temperature
and interior electronics power profile v us the tinitiated at t he Mar s equivalent time of 6:00
am. During the cooldown, the int¢inalwe mperatures reached -1 0°C, the solid-liquid
transition temperature of dodecanc, we phise cha nge material in the PCM panels. All
internal temperatures were closely grovped v thin 4 3°C. Peak power of § Watts occurred at
9:00 am, and remained at peak powcruntil 9:00 p.m. e inerior wemperature reached a
maximum of 18 ‘C. This peak terperature occurred at the equivalent of 3:00 pm.  The
interior had cooled down to 10°C andbx:yan the phase change atabout midnight. The
transition lasted until 4:30 am, fora duratior of 4.5 hours, The lowest internal temperature
during the first day was -18 O(, occwnin ¢ at £:30 amn into the second day. The total energy
used for heating during the firstday w s 72w att- hours.

Evaluating the perfon nance of the WEE at 2 powerlevels provided a better
understanding of the phase transitions ¢centaed around the melting point of the dodecane
phase change material.  Again, for the sccond day the. interior termperatures were well
grouped within a few degrees. tonhelower heater power levels, a thermal lag was
observed between the thermocouple ontticinterior surface and the then no couple between
the PCM panel and the wall. “J*tic mianinunn interior temperatute observed was -3°C at
about 1:00 p.m. The interior cooled d v ng the afternoon and began the PCM transition at
10:00 p.m. The transition lasted until & 00 am, for a duration of” 6 hours. The lowest
internal temperature was - 25°C, whiclhoccuned at 8:00 amn,

The third day had the same powcerduty eycles as the second day, and the WEE
pm-formed similarly. The maximum internal temperature was - 5°C which occurred at
about 1:00 p.m. The phase changetansitionbeganat 10:00 pn.andlasted until 4:00 am,




for a 6 hour duration. The coldestinterionteinperature was -28°C at8:30 am of the fourth
day. “I’his is a lower temperature thanwas observedthanthe morning of the third day,
because no additional internal powerwis provided.

The interior and exterior teinperatur es showed a good degree of repeatability during
the test, The panel with the heat pipe wasalways the warmest, with the side, top and
bottom panels having a smallthermallag.  In gencral, all pancls were well coupled
thermally. During the first day, the inter nal g adients were less than two degrees during the
phase transitions. The largest intcinal gradic nts occurred during the meltng of the PCM
material, and were observed on the panclthar had thermocouples #7,8,9 10, and 14. The
largest gradient was 4 degicesaciossthe PCM panel  duting melting between
thermocouples 7 and 8, with less than s one degree gradient between the top (TC #9) and
bottom (TC #1 O) on the interior sui face ont he PCM panel,  ‘Thisimplics that the dodecane
melted uniformly from the interiorto the exterior. Forthe second and third days of the test,
the gradient across the PCM pancl decreasedto two degrees between thermocouples 7 and
8 during the freezing of the PCMandwastour degrees during the melting of the PCM.
The gradient across the insulation was & naxnmum of 23°C during cach of the three nights.

Study of the performauce of the reference box helps inbetter understanding the
advantages of including the PCM panclstosnoderate temper atures within the WEE. For
the reference box during day 1, the max v uminternal temperature was cm the heater block
with a temperature of 59°C. This occwmied i ar the end of the peak power for the day. The
maximum surface temperature ws 33 -, withlo degrec gradient across the insulation,
The lowest internal temperature during the nipht was - 400(’. For the day the total variation
between the warmest and coldest temporstore was 99°C. | ays 2 and 3 behaved similarly,
with no noticeable difference in theirbehavior  The maxinm internal temperature of 44°C
was on the heater block, with the highestiniteri or surface temperature of 25°C. The lowest
interior temperatures were -40 and .1 *°C respectively for days 2 and 3. The gradient
across the insulation decreased to 8°C. 'The ol variation between the warmest and coldest
temperatures were 84 and W (' fordays 2 andi 3 respectivel y.

The experiment clearly demonstrates that the PCM panels provide for moderating
the interior temperatures. The maximurnteiperature excursion of the WEE was 34°C for
day 1 and 23°C for days 2 and 3. "I'his issignificantly lower than the 99 and 40 and 42°C
variation for the reference box. Itisobviousthat this significantly reduced thermal
variation minimizes thermal sticss on ¢l tonics, clectrical interconnects and the  batteries.
This is a significant feature when devdlopinginstrumentation thatimust have an extended
life during future Mars missions.

| ‘inite Iilement Modeling

The objective of developing afmitc dement model (FEM) of the warm  electronic
enclosure design was to use. the 1 I Mo furiher develop anti optimize the design of the
WEE The WEE was modeled using ANSY S finite clement soft ware. One half of the
physical test enclosure is modeled beoanse of the symmetry of the design. The FEM
model accurately represents the diniensions andmatenial properuies of the WEE enclosure
asevaluated in the 8tontherned vacvum test discussed earlier. ‘’he properties
incorporated into the FEMmodelinclude:

. The dodecane phase-change cotnpoand contained within the PCM panels of the
enclosure.

. The Rohacell foam used as insulation forthe enclosure.




. The aluminum exterior emissivity surfaccof the enclosue.

. The. interior heat source and the heaterapplied to the diode heat pipe.

. Convective heat transfer betweenthe Wi and the test chamber.,

. Thermal radiation exchange betwecn theinside walls of the enclosure.

. Thermal radiation between the exterioninsalation surface and the test chamber.

The model material propestics were tiken from known values by comparing model
results to actual test hardwarc peiforynance ‘The data from day 2 were used as the
standard which the model is to 1epresant. ‘1 he model matenal physics] properties were
taken from known values for matcrials well defined, such as aluminum. Other model
properties were first estimated vsing engieering correlation’s and then improved by
comparing model results to test data

The FEM model consists of the following typc of elemients:

« 8-node “bricks’ for the core material of the panels, forthe Rohacell insulation, and for
conduction between panels wheic they oy erlap

. 4-node “shells for the panel face sheetsandceloseouts
. Point thermal mass on 6 nodes to 1epresent the heater block

. Superelement (two radiation niauices), s emissivity for inside surfaces of enclosure,
0.2 on outside surfaces

Aluminum panel face sheets and close- outs are represented by thermal conductivity,
density and heat capacity. ‘I’he Roliace 11 insulationisrepresentedinthe same way, except
that the thermal conductivity really 1cpiesentsthe series conductance of the foam insulation
itself and of the small air gaps fiomthe enclosure o the foam and of the foam to the outer
aluminum foil. The composite properiics 01 the carbon fiber and dodecane are represented
by thermal conductivity and enthalpy. theaclting and freczing phase change transition of
dodecane is modeled as occurring over a oncdegree span, fr om -10 t0-9°C. In order to
have the model perform similar 1o thiiesthardware, the following properties variables
were adjusted by trial:

« Thermal conductivity of insulationandangaps

. Convection coefficient at outsideuxiclsurface

. Emissivity of outside modcl suilace

. Enthalpy of the carbon fiber / dodevcane mistrix

. Heat capacity of insulation matenalwithentrapped gas fiom the  atmosphere

“I'hne ANSYS FEM mode! had the  Hamber air and shr oud temperature, and the
applied heater power duties as the prog, arninputloads  These loads are taken from the day
2 data and applied to the model inaserics of 30 minute steps exceptas needed for correct
heater on /off times.

The solution is run as a transicutnon linear thermal analysis by applying the loads
in a series of 196 steps. Maxdel e iperatzes over time areextracted at nodes which
coincide with thermocouple. locations onthe testhardware inFigures 5 and 6. The model
temperature is compared to test positionsfor TC 4, TC7 and 1TC 14 of the WEE. The
mode] is seen to correspond wellto test, with some improvement expected as model
properties are readjusted. Figure 7shows mdel temperatures insteps of 45 minutes into




the melting of the PCM . The plot ilusuates the progressive melting of phase-change
material.

The FEM model is seento functiontll a realistic 1oanner, with the. capability to
further refine the results relative to the expenmental I suits.  "The model exterior surface
temperature (at TC 14) follows the expernnental re.suits quite well, with only a 2 to 3
degree maximum variation front thetestresulis This model temperatur e has been seen to be
strongly affected by the convectioncocfhiciont (039 W/ “K for this ran) and little by
including radiation at .1 emissivity.

Based on the model response forthe heater block and the interior PCM panel
temperatures ( TC 4 and TC 7), thenwxicl heat capacity is close to that of the test
hardware. Some of the variation at the heater Dlock is expected tobe due to the likelihood
that the aluminum heater block is 1epresented In an arca some-what smaller than the actual
size. The insulation thermal conductivity (032 WAn“K for thistun) can aso be further
adjusted and may be balanced by sl Changes in the  heat capacity of the carbon
fiber/dodecane.

The I'iM model provides alow ef):. ~ means to  optimizethe Warm Electronic
Enclosure design by minimizing c¢xpornmental testing. lhmm(xi(]mg technique has
application to the design of thetnal enclosurchardware.  PCM panel thickness and phase
change compound mass, as wellandinsulation thickness canbe quickly adjusted in a
computer model. The thermal pei formance (anbe predicted and adjustments can be made
in the design.

Summary

The use of phase change mterials provides an efficient means to moderate
temperat ures for electronic enclosutes for future Mars landers. The graphite fiber P C M
panel design eliminates prior cycle 1ife¢ i roble s of phase change panels, and provides an
efficient thermal and structural configuation that can be integrated into a low mass
structural design. Interior temper atnes of € lectronic enclosures ate moderated by the use
of PCM panels, minimizing, thenmalvatiations of aninsulation only design. This behavior
is predicable, and repeatable, and is ¢iasily maxicled to predict thermal performance.
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Figure 7: Results of the Finite Element Modolof the WEE @ 10 hours, 45 minutes nto

Day 1 of the 10 torr test showing progressive niwlting,
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